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Abstract. The main aim of the National Spherical Torus Experiment (NSTX) is to establish the fusion physics
principles of the spherical torus (ST) concept. The NSTX device began plasma operations in February 1999
and the plasma current I, was successfully brought up to the design value of 1 million amperes on December 14,
1999. The planned plasma shaping parameters, k = 1.6 — 2.2 and d = 0.2 — 0.4, were achieved in inner limited,
single null and double null configurations. The CHI (Coaxia Hélicity Injection) and HHFW (High Harmonic
Fast Wave) experiments were also initiated. A CHI injected current of 27 kA produced up to 260 kA of toroidal
current without using an ohmic solenoid. With an injection of 2.3 MW of HHFW power, using twelve antennas
connected to six transmitters, electrons were heated from a central temperature of 400 €V to 900 eV at a centra
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density of 3.5 x 10" cm® increasing the plasma energy to 59 kJ and the toroidal beta, b; to 10 %. Finaly, the
NBI system commenced operation in Sept. 2000. The initial results with two ion sources (Pyg = 2.8 MW)
shows good heating, producing a total plasma stored energy of 90 kJ corresponding to by » 18 % at a plasma
current of 1.1 MA.

1. Motivation and mission of NST X

A broad range of encouraging advances have been made in the exploration of the
Spherical Torus (ST), a very low aspect-ratio tokamak concept [1]. A schematic of the ST
magnetic configuration is shown in Fig. 1. These advances include promising experimental
data from pioneering experiments [2-4], theoretical predictions [5,6], near-term fusion energy
development projections such as the Volume Neutron Source [7], and future applications to
power plants [8]. The National Spherical Torus Experiment (NSTX) is a U.S. nationa
research facility located at the Princeton Plasma Physics Laboratory (PPPL). Its focus is on
ST related research with an emphasis on finding a cost-effective route to an attractive fusion
power plant. NSTX’smain mission isto extend the understanding of toroidal plasma physics
to new regimes at the mega-ampere level at high plasma beta [9,10]. The key physics
objective of NSTX isto attain an advanced ST regime; i.e., simultaneous ultra high beta (b),
high confinement, and high bootstrap current fraction (f,)[6]. This regime is considered
essential for the development of an economical power plant because it minimizes the
recirculating power and power plant core size. Other NSTX mission elements crucial for ST
power plant development are the demonstration of fully non-inductive operation and the
development of acceptable power and particle handling concepts.
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2. NSTX Facility Design Capability and Technology Challenges

The NSTX facility [11] is designed to achieve the NSTX mission with the following
capabilities:
« R/a?® 1.26, including a 0.6 Weber OH solenoid and coaxial helicity injection
(CHI)[4,12] for plasma startup
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1, =1 MA for low collisionality at relevant densities

» High Harmonic Fast Wave [13] (HHFW - 6 MW, 5 s), Coaxia Helicity Injection (CHI
—liE S0 kA at 1kV ), Neutral Beam Injection (NBI - 5 MW, 5 s) for heating and j(r)
control

* Close-fitting conducting shell for maximum b and by

* Pulselength 5s3 skintime» L/R time

The NSTX device is schematically shown in Fig. 2. The NSTX device/plasma configuration
alows for strong plasma shaping, e.g., I, ggs / @ B and can reach as high as 60, an order of
magnitude greater than that achieved in conventional aspect-ratio tokamaks. The
demountable center stack [composed of the inner toroidal field (TF) coil bundle, the Ohmic
heating (OH) solenoid, the poloidal field (PF) coils PF-1a and —1b, thermal insulation, the
Inconel vacuum casing, and the graphite plasma facing components with over 200 sensor
elements] is the most critical component of NSTX [14]. The center stack isisolated from the
outer vessel by ceramic insulators and bellows to provide electrical isolation for CHI and
mechanical isolation to allow for the growth of the center-stack with respect to the outer
vacuum vessel during bakeout and operations. The demountable center stack facilitates the
construction, maintenance and/or future upgrading of the device. The NSTX device is
equipped with closaly-fitting 1.2 cm thick copper passive stabilizing plates for MHD mode
stabilization. CHI and HHFW will be used for the initia plasma start-up studies. An
innovative design was developed for the 12 element HHFW antenna decoupler / matching
system powered by 6 RF transmitters providing a total power of 6 MW for upto 5s. One of
the TFTR NBI systems (with three ion sources) isinstalled to inject atotal power of 5 MW at
80 kV for upto 5s. Indeed, the NSTX facility utilizes much of the former TFTR facility at
PPPL. After three years of design and construction, NSTX became operational in Feb. 1999.

3. Progress on Ohmic Operations

3.1 First Plasma and Achievement of 1 MA Plasma Current Discharges - On Feb. 12
1999, a fast camera observed the first “flash” of ohmic plasma with about 20 kA of plasma
current. Within the following two days of plasma operations, the plasma current reached the
300 KA level, which is close to the predicted value for the OH flux used (about 1/3 of the
design flux.) The device capability was increased relatively quickly, and on Dec. 16, 1999 the
plasma current was raised to the device design value of IMA. Key to the achievement of high
current plasma discharges was the implementation of the real time plasma control system
which controls the plasmaradial and vertical positions as well as the plasma current [15].

An electron cyclotron heating preionization (ECH-P) system proved to be helpful in plasma
initiation. The 18 GHz unit is capable of delivering 30 kW of ECH-P power for 100 ms. The
ECH-P creates a vertically uniform plasma sheet at the electron cyclotron resonant layer
(whichisat R =42 cm) for the nominal 3 kG toroidal field at the vacuum vessel center of R =
85 cm. The ECH-P makes the OH plasma initiation less sensitive to error fields, enhancing
the operational flexibility. Another utilization of ECH-P isfor the low gas pressure start-up of
the Coaxia Helicity Injection (CHI). It is important for CHI to be able to operate in a
sufficiently low neutral pressure range to be compatible with the ohmic operations. The ECH-
P helps breakdown even at low neutral fill pressure, aiding the CHI start-up.

3.2 Ohmic Plasma Equilibrium - In Fig. 3, a comparison of visible light emission from the
plasma imaged at 1 kHz [16] and the reconstructed plasma configuration (EFIT) with 1 ms
resolution [17] are shown. The three frames are an early small-bore plasma, the transition to
a lower single null diverted plasma, and the return to the center stack limited plasma,
respectively. These features are all consistent with the details of the reconstructed plasma
boundary shape.
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Fig. 3. Comparison of visible-light images of the evolution of the plasma boundary and EFIT
magnetic reconstructions. The discharge timeis as shown.
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evolution.

The 700 kA level plasmaevolution is shown in Fig. 4 where the plasma transiently reached an
elongation of 2.5 and triangularity of 0.6, with nominal flattop values of 2.0 and 0.4
respectively. Plasma internal inductance generally increases from 0.3 to ~ 1.0 during a
discharge. A plasma shaping factor (I, dgs / a B) of 30 has been thus far achieved at 1 MA.

Ohmic plasmas with volume in excess of 12 m™ have been routinely produced. The plasma
configurations of inner wall limited, single null and double null diverted discharges were
successfully created. Each configuration has been produced with a nominally constant plasma
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current for durations of 3 - 5 energy confinement times. The plasma shaping parameters
accessed in the ohmic discharges are shown in Fig. 4 where the achieved elongation k and
triangularity d are plotted. These elongations and triangularities span much of the range of
operating space expected from model calculations.

3.3 Ohmic Flux Consumption and Boronization — In order to optimize the ohmic flux
consumption, various plasma current ramp-up rates have been investigated [18]. By
convention, the resistive flux consumption is parameterized with the Ejima coefficient C. and
the total surface flux consumption is parameterized here using the Ejima-Wesley coefficient
Cc [18, 19]. Application of a boron coating on the plasma facing components using a glow
discharge in a mixture of trimethylboron (TMB) and helium has significantly reduced the
metallic and oxygen impurity level in NSTX plasmas. In Fig. 6, comparison shots before and
after boronization are shown. The boronization not only reduced the loop-voltage and ohmic
flux consumption, thus extending the pulse length, but it also reduced the MHD activity (Fig.
4). Figure 7 plots Ejima coefficients and the interna inductance for discharges of varied
ramp-rates, both pre- (dashed) and post- (solid) boronization in deuterium with line-average
densities of 2-4 ~ 10" cm™ at peak current. The figure shows, as expected, that faster ramps
reduce flux consumption by reducing both the resistive dissipation (a) and internal inductance
(b). In practice, average ramp- rates of 5-6 MA/s are routinely obtained, while faster ramps
become increasingly prone to MHD events. The total flux consumption during the ramp-up
phase also dropped by 20% after boronization as shown in Fig. 7. Most of the decrease
comes from a decrease in the internal inductance at fixed ramp-rate.
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3.4 Density Limits and Global Energy Confinement — The density limits and global
energy confinement were investigated for the plasma current range of 600 — 900 kA. The
density limits observed in NSTX generally improved over the time as the plasma conditions
improved through wall conditioning. In particular, the TMB boronization improved the
density operating range significantly as shown in Fig. 8. The effect of the boronization was to
increase the achievable densities in both species. Densities (line averaged) greater than
4x10" m™ were attained only in post-boronized helium plasmas. As shown in Fig. 9, the
deuterium density limit increased from approximately 60 % of the Greenwald limit density

(Neow ° 1/ P & ) for the pre-boronization level to about 75 to 80% of the limit, while the
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helium density limit increased from about 75% of the limit (pre-boronization) to the actual
limit and even a bit beyond. The only MHD observed at the time of the density limit in the
highest density cases were sawteeth, and investigations are underway to determine whether
the limit is related to the sawteeth, or whether fueling limitations set the maximum density.
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Confinement times in both deuterium and helium ohmic plasmas exhibit trends that are
similar to those at conventional aspect ratio and they are summarized in Figs. 8 and 9. For

low to moderate densities (£ 4x10** cm, corresponding to n/neyy £ 0.8), the confinement
time in both species increases approximately linearly with line-averaged density to a value of

45 ms. At ndngy £ 0.8, the maximum confinement time is approximately 1.4 t ;zegom
while t g/t | ;grep = 0.8-1.0 at the higher densities. The confinement time drops to values of

about 20 ms at the highest density (5.5x10*° m™), corresponding to n/negy £ 1.2. For the
ITER89P scaling used in Fig. 9, the mass scaling parameter was taken to be My:/Z;,,,, which

on?
is 2 for either species. Thisis consistent with the observed similar confinement behavior for
helium and deuterium discharges. One major difference between the deuterium and helium
higher density discharges was the amount of carbon influx as indicated by the CIII light,
which was much greater in deuterium plasmas presumably due to chemical sputtering of the
graphite tiles. For both species, in both the pre- and post-boronized plasmas, the radiated

power was typically £ 30% of the ohmic heating power at the time of maximum density.

3.5 MHD Activity — A variety of MHD activities including reconnection events and
sawtooth activity are observed in NSTX. The reconnection events depend particularly
strongly on the wall conditions. During the first plasma operations with the newly
fabricated vacuum vessel and partial graphite-tile wall coverage, MHD activity was
frequently observed throughout the discharge. As the discharge conditions improved, the
frequency of the MHD events decreased. The complete graphite tile coverage together with
wall conditioning (baking, glow discharge cleaning and boronization) all helped to reduce
the frequency of the MHD events. MHD events occur particularly during the current ramp
down phase. With an appropriate gas-puff, it is possible to ramp down without these events
for some discharges. Presently, the dominant MHD mode appears to be the toroidal mode
number n = 1 mode, though some higher n number and higher frequency modes have been
observed. In Fig. 10(a), the plasma evolution illustrating the deleterious effect of a sawtooth
isshown. A significant core pressure reduction occurs when the sawtooth activity starts.



IAEA-CN-77/0V4/2

T T T T T T T T T T T T Iy
[ 1p (kA) B ] 0.8 AU
s00f ,Wx"fj \hmu (aj VDE-Disruption{g} ]
o \ i
iy \ ] 06 ]
rd | | | \m-
I 20y 0 =
I " ]
N ] = L |
TN B
g ! {10 —
— 1+ 0 I ]
0.4r PRAD(M\A/) I i I ] 0.2
L ,” -
0'2: ill [IiL E 0.0 .........l.........l.........l.........|.........|.........-
00l e T 193 194 195 196 197 198 199
0.0 0.1 0.2 03
Time (s) 30
5 ‘ ‘ Passive Plate Leg
Soft X-Ray Inversion Radius
i yInner Outer } (b) Eﬂ

W& i \
f
.

10

=S

IHALO {k‘p‘}

q
L L L L L B L L L

10 Center Stack

05 10 15 20 193 194 195 195 197 198 199
R (M) Tima {msec)

©
o

Fig. 10. MHD Behavior. (a) Ohmic dischargewith Fig. 11. Disruption and halo-evolution with
a sawtooth crash. (b) EFIT g profile versusmajor ~ with induced currents. (a) Plasma current
radius and position of soft x-ray inversion radius.  decay during disruption. (b) Wall- induced

currents in the center stack (solid curve)
and the passive plate leg (dashed curve).

From the EFIT magnetic reconstruction, the start of sawtooth activity coincides well with the

appearance of the qy = 1 surface as shown in Fig. 10(b). Due to the strong shaping and
toroidicity (low-aspect-ratio) of NSTX, the EFIT reconstruction contains significant internal
profile information, such as the pressure and g-profiles. The agreement between the soft x-
ray sawtooth inversion layer and q = 1 surface is surprisingly good. As can be seen from the
Fig. 10(b), due to the large radius position of the q = 1 layer, the sawtooth crash in NSTX
causes significant degradation to the plasma performance by causing the central pressure to

collapse. It is therefore quite clear that we must control the plasma current profile so that g,
stayswell above 1.

3.6 Plasma Disruptions and Wall Halo Currents — The plasma disruption and generation
of wall halo currents remain critical issues for tokamak reactor designs due to the high stress

on the wall and PFCs imparted by the j o, x B force of the halo-induced wall currents. In the
CDX-U and START devices, the plasma halo currents have been measured to be only a small
fraction, below 5%, of the peak plasma current [2,3]. Recent MAST results al'so support this
rather benign trend for the ST [20]. On NSTX, halo currents have been measured in the
center column as well as in the passive stabilizer plate support legs. While plasma
disruptions (very rapid current terminations) can be avoided most of the time, it is prudent to
design a fusion reactor, which could withstand disruptions. On NSTX, plasma disruptions
are indeed observed. The fastest plasma current decays were observed during the so-called
VDE (Vertical Displacement Event) due to aloss of vertical position control. InFig. 11(a), a



IAEA-CN-77/0V4/2

plasma disruption with the plasma current ramp-down rate of 400 MA/s (the fastest thus far
observed) is shown. Figure 11(b) shows that the induced CS casing current (solid line)
measured by a Rogowski coil located near the end of the center-stack has a peak magnitude
of 20-30kA. This corresponds to 3-5% of the maximum plasma current. Figure 11(b) also
shows the toroidal current induced on the outboard lower primary passive plate peaks at
approximately 10kA. These halo-induced wall currents are therefore relatively modest and
benign from the device design point of view.
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Fig. 12. Schematic of CHI Experimental setup. Fig. 13 CHI discharge evolution.

4. Co-axial Helicity Injection Plasma Start-up

For an attractive ST power plant, the OH solenoid must be eliminated in the center stack.
The relatively modest magnetic flux and helicity per unit plasma current for ST tend to ease
noninductive startup requirements. The main tool being tested for NSTX is the coaxial-
helicity-injection (CHI). The concept has been investigated previously in smaller
experimental devices including HIT/HIT-I1 [4] and HIST [12]. An experimenta set-up of
CHI is shown in Fig. 12. Because of the ceramic insulating rings located at the top and
bottom of the device, the center-stack is electrically insulated from the outer vacuum vessel,
allowing bias voltage to be applied. With appropriate gas fill pressure (typically in afew m-
Torr range) and with a voltage of up to 1 kV applied, a plasma discharge is initiated. Here
using appropriate poloidal field coils (as shown in Fig. 12), stronger poloidal fields are
applied near the bottom gap, which reduces the connection length, so that the discharge is
initiated preferentially in the lower gap region. The applied toroidal field causes the current in
the plasma to develop a strong toroidal component, the beginning of the desired toroidal
plasma current. If the injector current exceeds a threshold value, the resulting DB, or (J,, X
B,,) stress across the current layer exceeds the field line tension of the injector flux causing
the helicity and plasma in the lower divertor region to move into the main torus chamber. It
should be noted that the CHI system capability on NSTX is a significant extension of the
previous CHI experiments in that the plasma volume and pulse length are increased by a
factor of about 30 [21]. In Fig. 13, typical CHI discharge waveforms are shown in which the
toroidal current is driven from zero current without the ohmic solenoid. The discharge has
200 ms pulse length with a flat top toroidal current of 200 kA. To date, CHI in NSTX has
driven toroidal plasma currents of up to about 260 KA transiently with injections of about 27
kA, yielding current amplification factors of » 10. Our near term goal is to drive a»500 kA
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toroidal current with 50 kA of injection current. The CHI capability thus developed on
NSTX will be used to assist the current ramp-up to about 1 MA and to provide edge current
drive for current profile control. If the CHI plasma can be formed with about a T, » 200 eV,
then it would be possible to heat and drive current in the start-up phase of the plasma by
HHFW. Thiswould go along way toward realizing a fully non-inductive current start-up for
an ST.
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5. High Harmonic Fast Wave Heating

High harmonic fast wave (HHFW) research is appropriate for NSTX due to its high beta and
high plasma di€electric constant, e © (Wpe/We)z. For example, the NSTX plasmas typically
operate in e =10 — 100 range compared to the typical tokamak experiment of e£ 1. The
central plasma toroidal beta in NSTX is well above 10% and is expected to reach the 50 —
100% ranges. This requirement is similar to that in other compact confinement devices such
as the Spheromaks, RFPs, and FRCs. In this regime, the conventional electron heating and
current drive tools such as Electron Cyclotron Heating and Lower Hybrid Current Drive
cannot be used due to the lack of wave accessibility. The HHFW is predicted to be able to
access high dielectric plasmas and heat electrons efficiently via transit time magnetic
pumping and electron Landau damping LS]. The NSTX antenna phasing system is capable of
varying the k, from 14 m™ to about 4 m* in real time in order to follow the plasma discharge
evolution from low temperature (» 300 eV) start-up plasmas to high temperature (few keV)
high beta plasmasin real time [22].

The HHFW electron heating experiments thus far have concentrated on efficient coupling of
power into the plasma with a known phase. Plasma currents from 500 to 700 KA in helium
and deuterium have been explored. Center stack limited and double null diverted discharges
were employed. The outer gap was varied from essentially zero to 10 cm or more. A gap of
around 5 cm was found to be optimal. Figure 14 shows the time evolution of a HHFW
heated, 700 kA helium plasma discharge where 2.3 MW of HHFW power, with the slowest
phasing (i.e., k, » 14 m™), is applied starting at 160 ms. In Fig. 15, the density and electron
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temperature profiles from Thomson scattering at t = 230 ms are shown. The central electron
temperature increases from 400-500 eV to 900 eV during the rf heating while the central
density remains constant. The temperature increase is broad in radius and accompanied by
little density increase. This is consistent with the slow-phase-velocity wave heating, where
the heating deposition is expected to broaden as the central electron temperature is increased
[22]. The loop voltage falsto 1.0 V as compared to 1.35 V on an identical plasma without
rf. Confirmation of the temperature increase is also seen with an x-ray crystal spectrometer,
which yields a central temg)erature of about 1 keV. The central plasma density was relatively
constant at about 3.5 x 10™ cm™ corresponding to e » 40. A maximum stored energy of 58 kJ
and b;° 2m<p >/ B’ = 10% with 2.9 MW of power was obtained. The HHFW €lectron
heating has been observed with the ohmic plasmas with the electron temperature as low as
200 eV. Plasma radiation as measured by bolometry shows an increase in edge radiation,
which is attributed to carbon. The total radiated power however remains very low at < 15. %

6. Initial Neutral Beam Heating Results

6.1 NBI Heating Dependence on Plasma Current and lon Source - A neutral beam
injector (5 MW — 80 keV) from TFTR was installed on NSTX, and the system was
commissioned in Sept 2000. The initial NBI heating experiment was conducted with two ion
sources with a total power of up to 2.8 MW. The tangency radii of the two operating sources
are Source B: R = 50 cm and Source C: R = 60 cm. These are “off-axis’ heating sources
compared to the plasma axis a R » 90 cm, as shown in Fig. 16. At 80 keV, injected beam
ions have a larger prompt orbit loss for lower plasma current as well as for Source C
(compared to Source B) located more off-axis. In Fig. 17, the observed stored energy
increase for a given source power of » 1.4 MW for Source B, C, and B + C combined for
various plasma currents is shown. The stored energy increment increases with the plasma
current as expected. At 900 kA, the stored energy increment for two sources becomes
comparable. As the current is decreased to 700 kA, the Source C shows a rapid decrease in
heating efficiency, while Source B is still heating relatively well. At 500 kA, the heating
efficiency for both sources drops dramatically, which is consistent with prompt orbit loss
calculations [23].
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Fig. 16. NBI tangency foot Fig. 17. Incremental Total Sored Fig. 18. Time evolution of
prints for Sources B, and C. Energy vs. Plasma Current for NBI heated discharge:
ion sources B and C each B, = 3 kG, Deuterium.

Providing 1.4 MW.

6.2 High Beta Dischar ges — With the outer two ion sources (B and C) operating at 80 keV,
the initial NBI plasma heating was investigated utilizing a Pz, » 2.8 MW. The discharge
evolution for a high beta discharge is shown in Fig. 18. As seen in the figure, the plasma
current approaches a record value for the ST of » 1.1 MA peak current with B, = 3kG. The
total plasma stored energy increases to our record value of b; = 18%, corresponding to 90 kJ
of total plasma stored energy as measured through the EFIT reconstruction. The EFIT
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magnetic reconstruction values have a typical uncertainty of about 20% [17]. The Troyon

normalized beta, by, °® 10°b, a B / |, is about 3 for this discharge. The EFIT reconstructed
plasma poloidal flux contour cross section is shown in Fig. 16. However, around t = 200 ms,
the plasma beta collapses as shown in Fig. 18. The central temperature drops rapidly as can
been seen with the central soft x-ray channel trace. We observe that prior to the beta
collapse, the n=1/m=1 mode is growing and eventualy triggers a sawtooth instability,
causing this beta collapse. This collapse mechanism is essentially the same as the one
observed with ohmic plasmas, as discussed in the previous section. The collapse time
correlates well with the g, going below one, as seen by EFIT. This sawtooth collapse should
be avoidable by discharge evolution programming and non-inductive current drive to
maintain g, above 1. The achievement of b, of 18 % with arelatively small injected power
of 2.8 MW is a very encouraging indication of the effectiveness of NBI in obtaining high
beta dischargesin NSTX.

8. Summary and Future Plans

The NSTX facility commenced operation in Feb. 1999. The plasma current was successfully
brought up to the design value of 1 MA in arelatively short period in December 1999. All of
the planned plasma shaping parameters, k = 1.6 — 2.2 and d = 0.2 — 0.4, were achieved in
inner limited, single null and double null configurations. The CHI (Coaxial Helicity
Injection) and HHFW (High Harmonic Fast Wave) experiments were also initiated. Using
about 27 kA of CHI injected current, discharges of up to 260 kA toroidal current have been
produced from zero current without using the ohmic solenoid. Using twelve antennas
connected to six transmitters, HHFW successfully heated electrons, from central
temperatures of 400 eV to 900 eV, at a central density of 3.5 x 10" cm™ (plasma dielectric
constant of 40), with about 2.3 MW of HHFW power. The NBI system commenced
operation in Sept. 2000. The initial result with two ion sources (P, = 2.8 MW) shows good

heating, achieving b, » 18 % and atotal plasma stored energy of 90 kJat I, » 1.1 MA.

The near-term research program objectives are to bring the NBI and HHFW systems to their
full power capability in 2001 (5 MW for NBI and 6 MW for HHFW) and for a CHI
capability of driving 500 kA of non-inductive start-up current in 2002. With these tools, high
beta regimes consistent with the no-wall beta limit of about 25 % (with bootstrap current
fraction of up to 40%) will be investigated in the near term (2001-2003). In the longer term
(2004 and beyond), more advanced ST regimes will be investigated with active
current/pressure profile control (provided by CHI, HHFW, NBI and other tools) and active
wall mode stabilization. Development of those plasma control tools is believed to be
essential for accessing very advanced ST regimes of steady-state high beta (40%), high
bootstrap fraction (70%), and high confinement discharges relevant for the development of
an attractive Volume Neutron Source and for future power plants.
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